Searches for unstable neutral and charged heavy leptons (Lo, L*) have been performed using a data sample of 2.6 pb-' at a centre-of-mass energy of fi = 130 GeV and 2.6 pb-' at 136
Introduction
This paper presents searches for pair production of unstable neutral heavy leptons LoLo and unstable charged heavy leptons L+L-in e+e-collisions5. The data used in this analysis correspond to an integrated luminosity of 2.6 pb-' at a centre-of-mass energy of fi = 130 GeV and 2.6 pb-' at 136 GeV col- ' And at TRIUMF, Vancouver, Canada V6T 2A3 * And Royal Society University Research Fellow 3 And Institute of Nuclear Research, Debrecen, Hungary lected with the OPAL detector at LEP during November 1995.
The precise measurements of the Z boson parameters by the LEP and SLC experiments have determined the number of species of light neutrinos to be three [ 11. However, this does not exclude a fourth generation in which all the fermions are heavy. The lower mass limit based on LEP running around the Z" peak (LEPl ) for the fourth generation stable neutrino ( VL) was 45.0 GeV for a Dirac neutrino and 39.5 GeV for a Majorana neutrino [ 11. The cross-sections for the e+e--+ LoLo and e+e---f L+L-processes are given in Ref. [ 21. Neutral heavy lepton pairs LoLo could be produced in e+e-annihilation via a virtual Z boson. The following decay mode was considered: (A) Lo -+ eW* via lepton flavour mixing, where C is e, p or r, and W" is a virtual W bosom The Majorana Lo can decay into either e-W*+ or e+W*-. Therefore the charge correlation between the two light leptons was not used in the analysis, in order to be sensitive to both Dirac and Majorana Lo. The LEPl lower mass limit for an unstable Lo was 45. 7 GeV for a Dirac Lo and 45.1 GeV fur a Majorana Lo, if the coupling L"LoZ* is the same as for veveZ* [ 1, 3] . The visible energy of these events is expected to be large and there should be at least four charged particles, including at least two light leptons (e, ,LL or 7)) in an event.
Charged heavy lepton pairs LfLcould be produced in e+e-annihilation via a virtual Z" boson or a virtual photon. The ordinary V-A coupling was assumed for the L-zq,W*+ and L-veW*-vertices. The following two cases were studied: (B) L---) ULW*-, where VL is a stable heavy neutrino and assumed to be heavier than the lower mass limit from the LEPl experiments [ 1,31. (C) L-4 veW*-, where ve is v,, V~ or Y,. The decay occurs via lepton Uavour mixing. The experimental limit from LEPl data was mL-> 42.7 GeV [ 1, 3] , The expected experimental signature for L+L-events for both cases is that of a multijet 6 event with a large, unbalanced transverse momentum with respect to the beam axis. If all the visible decay products of L-and L+ happened to be in the same hemisphere, the event topology could be a monojet. The events in case (B) are expected to have a smaller visible energy than for case (C), because the two heavy neutrinos carry away more energy and momentum.
In this paper, Lo and L-were assumed to be unstable. Cascade decays (Lo --+ L---f ve, L--+ Lo + e) of heavy leptons were not considered in this analysis. The analysis was designed to have a good sensitivity for heavy leptons with a decay length shorter than about 10 cm. Namely, the mixing parameters of L"-ve and L--ewere assumed to satisfy the condition Ce IV~oel~ > O( 10-l') for case (A), and xe /VL-vC\2 > O( lO-") for case (C), where V'Q is the flavour mixing parameter between a neutral heavy lepton and a light lepton (e, p or 7) and VL-, is the flavour mixing parameter between a charged heavy lepton and a light neutrino (v~, 7.~~ or v,) .
6 An isolated lepton is treated as a jet.
The two W* bosons in an LoLo or L+L-event can decay either leptonically or hadronically. The analysis presented here is sensitive to all the possible combinations of the decay topologies and was designed to search for heavy leptons with masses above the LEPl experimental limits.
Other recent searches for heavy leptons are presented in [ 41.
2. The OPAL detector and event simulation
The OPAL detector
The OPAL detector, which is described in detail in [S] , is a multipurpose apparatus having nearly complete solid angle coverage. The central detector consists of a system of tracking chambers providing charged particle tracking over 96% of the full solid angle7 inside a uniform 0.435 T magnetic field. The solenoid is surrounded by a time-of-flight (TOF) scintillating counter array. A lead-glass electromagnetic (EM) calorimeter located outside the magnet coil covers the full azimuthal range with excellent hermeticity in the polar angle range of 1 cos 81 < 0.82 for the barrel region and 0.81 < ( cos 191 < 0.984 for the endcap region. The magnet return yoke is instrumented for hadron calorimetry (HCAL) , consisting of barrel and endcap sections along with pole tips detectors that together cover the region ) cos 8) < 0.99. Calorimeters close to the beam axis measure the luminosity using small angle Bhabha scattering events and complete the geometrical acceptance down to 26 mrad from the beam axis. These include the forward detectors which are lead-scintillator sandwich calorimeters and, at smaller angles, silicon tungsten calorimeters [ 61 located on both sides of the interaction point. The gap between the endcap EM calorimeter and the forward detector is filled by an additional lead-scintillator electromagnetic calorimeter, called the gamma-catcher.
Monte Carlo event simulation
LoLo and L+L-events have been generated using the TIPTOP [ 71 generator, which includes the effects of spin correlations in the weak decays. The generator was modified so that JETSET 7.4 [ 81 could be used for the hadronization, which includes gluon radiation. Initial state photon radiation was implemented in the generator based on the calculations of Berends and Kleiss [ 91. LoLo events were generated at six mLo values from 40 to 63 GeV for the three different final states eW* + eW*, pW* + ,uW* and rW* + rW*. L+L-events were generated at 26 points in the ( mL-, my) plane for case (B) and at six mL-values from 45 to 65 GeV for case (C) .
The following background processes were simulated in this analysis:
l Hadronic events with an isolated lepton coming from a heavy flavour decay, or with an isolated track misidentified as a lepton, are an important background for the Lo search. In the L-search, the dominant qq( r) background events are multijet events with one or more poorly reconstructed jet momenta. The JET-SET 7.4 [ 81 and PYTHIA 5.7 [ 81 Monte Carlo generators were used for multihadron events.
l The KORALZ [ lo] event generator was used for the generation of r+r-(-y) and p+p"-(7) events. A sample of e+e-(y) events was generated using the BABAMC generator [ 111. Radiative and nonradiative r pairs are a potential source of background for the topology of two acoplanar jets, because neutrinos from the r decays carry away energy and momentum. l In case (B) , particularly for a small mass difference between L-and I/L, events from two-photon processes are the main background. Since the visible energy is small in this case, the two-photon event topology is similar to the signal event topology. The PYTHIA 5.7 [ 81 Monte Carlo generator was used for generating events from two-photon processes where the Q* of both photons is smaller than 1.3 GeV* and the invariant mass of the photon-photon system (M,,) is greater than 3 GeV. For events with higher Q* the generator TWOGEN [ 121 was used. Event samples for all the possible processes (final state hadrons from point-like yy ---fprocesses and from vector meson dominance, and all e+e-e+e-final states) were generated. Two-photon events were not generated in the region Q* < 1.3 GeV* and M,, < 3 GeV. This region did not represent a serious background to the search presented here.
l Events from the four-fermion processes @e-qq, Cveqi$, r@qq and ui@e-are a serious background for the LoLo and L'L-searches. The EXCALIBUR generator was used to generate all four-fermion processes [ 131.
Generated signal and background events were processed through the full simulation of the OPAL detector [ 141, and the same event analysis chain was applied to these simulated events as to the data.
Data analysis
Charged particle tracks were selected with the same track quality requirements as in Refs. [ 15,161, except that in order to allow a large acceptance for long lived L-and Lo candidates whose flight lengths are up to M 10 cm, the Idal cut was loosened from 2.5 cm to 8.0 cm, where Idal is the distance of closest approach to the interaction point in the plane perpendicular to the beam axis. The rest of the criteria were as follows. Tracks were required to have at least 20 measured spatial hits, more than 50% of the hits geometrically expected, and a transverse momentum exceeding 100 MeV. Electromagnetic clusters in the barrel region were required to have an energy of at least 170 MeV, and the clusters in the endcaps to have an energy of at least 250 MeV and to contain at least two adjacent lead glass blocks. Clusters in the hadron calorimeters were required to have an energy of at least 0.6 GeV in the barrel and endcaps, and at least 2 GeV in the pole tips detectors. Background from cosmic rays was suppressed by requiring at least one track to have a hit in the TOF counter within 10 ns of the expected time-of-flight.
Event observables such as the total visible energy or hemisphere momenta were calculated as follows. An energy cluster in the calorimeters is defined to be associated with a central detector track if the difference in polar angle is less than 0.1 rad and the difference in azimuthal angle is less than 0.1 rad. The track momenta and the momentum vectors of EM or HCAL calorimeter clusters not associated with charged tracks were first summed. When a calorimeter cluster was associated to charged tracks, the scalar sum of the as-
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Letters B 385 (1996) 433-444 Table 1 The numbers of events remaining (in the LoLo search), normalised to the integrated luminosity, are compared with the data after each cut for various background processes. Numbers are also given for three samples of simulated Loco events. The numbers of events expected from two-photon processes ('YY') do not include the region M, < 3 GeV with Q* < 1. sociated charged track momenta was subtracted from the cluster energy before including the cluster to reduce double counting. If the energy of a cluster was smaller than the scalar sum of the associated track momenta, the cluster energy was not used. Information from the hadron calorimeter was included in all energy and momentum calculations described below unless otherwise indicated.
I . . Selection of LoLo candidates
The following event selection criteria were applied. The numbers of remaining events after each cut are listed in Table 1 , for data and for simulated background and signal samples. (Al) The number of tracks was required to be at least four, and the ratio of the number of tracks which satisfied the selection criteria to the total number of reconstructed tracks was required to be larger than 0.2 in order to reject beam-gas and beam-wall backgrounds. (A2) In order to reduce the background from twophoton processes and multihadronic events in which one of the jet axes was close to the beam direction, the total energy deposited in each silicon tungsten calorimeter was required to be less than 5 GeV. Furthermore the energy was required to be less than 2 GeV in each forward calorimeter and less than 5 GeV in each side of the gamma-catcher. In addition, the cosine of the polar angle of the thrust axis ( 1 cos 0 thrust1 ) was required to be less than 0.95 in order to reduce beam-gas and beam-wall background events as well as events from two-photon processes.
(A3) The visible energy was required to be greater than 0.4& to reduce background from two-photon processes.
(A4) The number of jets was required to be greater than or equal to four. Jets were formed using the Durham algorithm [ 171 with a jet resolution parameter of ycut = 0.006. With this requirement a large fraction of the multihadron background was removed. The distributions of the number of jets after cut (A3) are shown in Fig. la for the data and the simulated background events, and in Fig. lb for the simulated LoLo events. (A5) The number of isolated leptons (e, ,u or 7) was required to be at least two. The selection criteria for isolated leptons are listed below.
The momentum of an electron or muon candidate was required to be less than 40 GeV and larger than 2 GeV. Electrons were selected using the artificial neural network described in [ 181. Muons were identified as the central detector track which gave the best match to a muon chamber track segment [ 191. In the region not covered by the muon chambers, muons were identified using the hadron calorimeters as described in [20] . No additional tracks were allowed within a cone of half-angle 15' around an electron or muon track.
The reconstructed jets described above were used to identify taus. A jet was identified as a one-prong tau decay if the following four conditions were satisfied: (1) the jet contained a track with momentum larger than 3 GeV and less than 40 GeV, (2) the momenta of all the other tracks in the same jet were less than 1 GeV, (3) no other track was found within a cone of half-angle 15" around the high momentum track, and (4) the invariant mass calculated from the track and all cluster momenta within the cone was less than 2.5 GeV. A jet was identified as a three-prong tau decay if the following three criteria were satisfied: ( 1) there were only three tracks in the jet and-all three tracks were inside a cone of half-angle 15" around the jet axis, (2) the vector sum of the three charged particle momenta had magnitude greater than 3 GeV, and (3) the invariant mass of all tracks and clusters within the cone was less than 2.5 GeV.
The distributions of the number of isolated leptons after cut (A4) are plotted in Fig. lc for the data and the simulated background events, and in Fig. Id for the simulated LoLo events. (A6) The ihvariant mass of the two isolated leptons with the largest momenta was required to be larger than 10 GeV. This cut rejected multihadron events with two lepton candidates in a single jet.
No events were observed in the data after the above selection. This result was consistent with the number of expected background events of 0.70. The detection efficiency for LoLo events was calculated for six mLo values between 40 and 63 GeV. The efficiency for mLo in the range of 50-63 GeV was about 50-60% for LoLo + eW*eW* or pW*pW* events, and about 30% for LoLo + 7W*rW* events.
These analysis criteria have a sensitivity for tagging all light leptons (e, ,U and 7). The three different final states of LoLo 3 eW* + eW*, pW* + pW* and rW* + rW* were considered in calculating efficiencies. If the decay products of LoLo were mixed (Loco -+ eW*pW*, eW*rW* or ,uW*rW*), the efficiencies would have values intermediate between the cases considered here. The efficiencies for the LoLo --+ rW*rW* case were the lowest in this analysis, and hence lead to the most conservative limit. The trigger efficiency was 100% for the selected signal events.
Selection of L+L-candidates
Similar cuts were applied to select the signal events for case (B): L--+ VLW*-and case (C) : L---+ vaw*-; however, some cut values were optimised differently for the two cases. The number of events remaining after each cut are listed in Table 2 for case (B) and in Table 3 for case (C) . For comparison both tables also include the corresponding numbers of simulated background and L+L-events.
The following selection criteria were applied: (B 1)) (Cl) The number of charged tracks was required to be at least two, and the ratio of the number of tracks which satisfied the selection criteria to the total number of reconstructed tracks was required to be greater than 0.2. (B2), (C2) The criteria for energy deposits in the silicon tungsten calorimeter, the forward calorimeter and the gamma-catcher were identical to those in the LoLo analysis. The cosine of the polar angle of the thrust axis ( 1 cos 19 thrust 1) was required to be less than 0.9. The 1 cos Ot~,.,,,,~ cut is harder than in the Lo analysis because the acoplanarity angle, which is discussed Table 2 OPAL Collaboration/Physics Letters B 385 (1996) 433-444
The numbers of events remaining, normalised to the integrated luminosity of the data, for various background processes are compared with data after each cut for the L-4 VLW*-case. Numbers of expected events are also given for three samples of simulated L+L-events. The numbers of events expected from two-photon processes do not include the region M, < 3 GeV with Q* < 1. Table 3 The numbers of events remaining, normalised to the integrated luminosity, for various background processes are compared with data after each cut for the L-+ YEW*-case. Numbers of expected events are also given for three samples of simulated L+L-events. The numbers of events expected from two-photon processes do not include the region Mw < 3 GeV with Q2 < 1.3 GeV*. later, becomes unreliable if the jet axes are too close be larger than 4 GeV and the transverse momentum to the beam direction.
(PFC"= ) calculated including the hadron calorimeter (B3), (C3) Events from two-photon processes with clusters to be larger than 5 GeV in case (B) (cut a small visible energy were efficiently reduced by de-B3). Although most of the events from two-photon manding the event transverse momentum (Pr) calprocesses were rejected by the Pr cut, the Py"" cut culated excluding the hadron calorimeter clusters to was applied to reject occasional events with a high transverse momentum neutral hadron. In case (C), the transverse momentum was expected to be larger, hence Pt and PFCAL were required to be larger than 10 GeV and 12 GeV, respectively (cut C3). (B4), (C4) "Radiative return" events from e+e-+ Zy, where the y escaped close to the beam direction, were rejected by requiring that the polar angle of the missing momentum direction OkSS satisfy j cos f&&I < 0.8. (B5), (CS) If an electromagnetic cluster was not accompanied by any track within a cone of half-angle 25" around its direction, it was defined to be an isolated photon. Events with an isolated photon of energy greater than 15 GeV were rejected for case (B) (cut B5). For case (C) the energy cut was increased to 25 GeV (cut CS). The cut values were optimized to maintain high efficiency for the signal. This cut rejects some e+e-+ Zy events. (B6), (C6) A visible energy cut was applied to reduce both multihadron and four-fermion background. The visible energy of L+L-events in case (B) was expected to be smaller than about 50 GeV, since the two heavy VL'S carry away a significant fraction of the energy. The visible energy was required to be smaller than 0.354 for case (B) (cut B6). In case (C), on the other hand, the visible energy was required to be larger than 0.3& and smaller than 0.8fi (cut C6). The visible energy distributions before this cut are shown in Fig. 2 . (B7), (C7) Events which were kinematically consistent with r+r-(r) were rejected. The tracks and the clusters in an event were divided into two hemispheres defined by the plane perpendicular to the thrust axis. Events were identified as r+r-(r) if the charged multiplicities in the two thrust hemispheres were a single track in one hemisphere and either one or three tracks in the opposite hemisphere, the sum of the charged particle momenta in one of the hemispheres was greater than 10 GeV, and the charged particle masses of both hemispheres were smaller than the r mass. Assuming that the event was a r+r-(r) , the maximum value of the acoplanarity angle was calculated from the absolute value of the charged particle momentum sum in each hemisphere. If the measured acoplanarity angle was smaller than this calculated maximum value, the event was considered to be a r+r-(y) and rejected. The acoplanarity angle &,c0P was defined as S--&,nen, where Apen is the azimuthal opening angle between the directions of the momentum sums of the particles in the two thrust hemispheres. (B8), (CS) In order to reject events containing two back-to-back jets or leptons, the thrust of the events was required to be less than 0.9, Events were classified into two different categories according to the following criteria. If one of the hemispheres had an energy smaller than 1 GeV and contained no good track, the event was categorised as a monojet event; otherwise the event was classified as a dijet event. All the events classified as monojet events were considered to be heavy lepton candidates. (C9) For dijet events in case (C) , the remaining background comes primarily from hadronic events in which a mismeasurement of the energy of a jet leads to an ar- tificial missing momentum. This missing momentum tends to lie along the direction of jets in ordinary multihadron events. The total energy sum (Eback) within a cone of 30" half-angle around the direction of the missing momentum was calculated. In case (C) we required Eback to be less than 3 GeV. In case (B) the Ebnck cut was not used because multihadron events were sufficiently reduced by cut (B6). (B lo), (ClO) The acoplanarity angle (&,r) between the two jets was required to be greater than 1.5". The acoplanarity angle distributions just before the cut are shown in Fig. 3 .
No event was observed in the data after the above selections. These results were consistent with the expected background from all sources of 0.44 events for case (B) and 0.51 events for case (C).
The detection efficiencies for L+L-events were calculated at fi = 130 and 136 GeV. In case (B), the efficiency was about 55% for ( mL-, mvL ) = (60 GeV, 45 GeV), and 40% for (63 GeV, 55 GeV). In case (C) the efficiency was at least 33% for mL-in the range 45-63 GeV. The trigger efficiency was 100% for the selected signal events.
Mass limits
The expected numbers of neutral and charged heavy lepton events were estimated for various values for heavy lepton mass (or combinations of (mL-, m,,) ) using the detection efficiency at each centre-of-mass energy, the cross-section and integrated luminosity. In the calculation of limits the detection efficiency at arbitrary values of the heavy lepton masses was interpolated using a polynomial fit.
The systematic errors on the total number of expected signal events were estimated to be 3-6% from Monte Carlo statistics, depending on the event topology, 1.2% from the interpolation of the efficiencies, 0.9% from the uncertainty in the integrated luminosity, 4.3% from the lepton identification uncertainty for the LoLo case, and 1.5% (0.6%) from the uncertainty in the fragmentation of W* hadronic decays for LoLo (L+L-) . The fragmentation errors arose through the jet reconstruction and lepton isolation uncertainties for the LoLo case and mainly through the uncertainty in the estimation of the acoplanarity angle and the missing momentum direction for the L+L-case. The fragmentation error was estimated by varying the optimized fragmentation parameters [ 2 1 ] in the JET-SET 7.4 Monte Carlo generator. The systematic error due to trigger efficiency was estimated to be negligible for the selected signal events. In calculating the mass limits the systematic errors were treated as in Ref. [22] and were considered to be independent.
A 95% C.L. lower limit of 62.5 GeV is obtained for the Dirac neutral heavy lepton mass, assuming that both Lo and Lo decay into eW* with 100% branching fraction. The mass limits for the cases of Lo -+ ,uW* and Lo ---f rW* are 63.0 GeV and 57.4 GeV, respectively. For Majorana Lo the limits are reduced to 51.4 GeV for the eW* decay, 52.2 GeV for pW* decay and 44.2 GeV for rW* decay due to the smaller cross-section near the LoLo threshold. plane for case (B). If L-decays into v~fW*-and YL is assumed to be a stable heavy neutrino, the hatched region is excluded with more than 95% CL. The region m, < 45 GeV is already excluded for the Dirac q, and rnK < 39.5 GeV for the Majorana q_ from the upper limit of the Z" decay width measurements at LEP [3] . The diagonal line shows mL-= my.
The mass of L* was found to be larger than 64.5 GeV at 95% C.L. for case (B), if mL--mvL > 10 GeV. The excluded region in the (mL-, mK) plane for case (B) is presented in Fig. 4 . For case (C) the lower limit for mL-is 63.9 GeV at 95% C.L.
Summary and conclusions
A search has been made for pair production of unstable neutral and charged heavy leptons using a data sample corresponding to an integrated luminosity of 2.6 pbb' at fi = 130 GeV and 2.6 pbb' at fi = 136 GeV, collected with the OPAL detector at LEP. No event remained after the selection cuts, consistent with the expected number of background events.
The 95% C.L. lower limit on the Dirac Lo mass, assuming that Lo decays into eW* with 100% branching fraction, was obtained to be 62.5 GeV. The mass limits for pW* and rW* decays are 63.0 GeV and 57.4 GeV, respectively. For Majorana Lo the limits were reduced to 51.4 GeV for pure eW* decay, 52.2 GeV for pure pW* decay and 44.2 GeV for the rW* case due to the smaller cross-section in the region near the LoLo threshold.
The excluded region in the ( mL-, rnvL) plane is presented in Fig. 4 . If mL--rnvL > 10 GeV, the mass of L-was found to be larger than 64.5 GeV at 95% C.L. If rnuL > mL-and L-decays into a massless neutrino and a virtual W boson, a lower limit of 63.9 GeV at 95% CL. was obtained for mL-. The results of these analyses are consistent with, and in some cases have extended, existing limits from other LEP experiments [ 3, 4] .
